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NOMENCLATURE

A Coefficient relating dissolved-solids concentration to sodium-chloride
concentration.

API Units defined by the American Petroleum Institute.

BHT Bottom-hole temperature in a borehole, in units specified.

Cys Concentration of dissolved solids in units specified.

Cnaci Concentration of sodium chloride, in units specified.
Tortuosity function.

Dt Total depth of borehole, in feet.

DS Dissolved-solids concentration, in units specified.

F Formation factor, dimensionless.

G Specific gravity, dimensionless.

HR Hydraulic radius, in units of length specified.

K Constant at a specified absolute temperature relating to spontaneous
potential, in millivolts.

K Hydraulic conductivity, in feet per day.

L Length of sample, in feet.

L, Effective length of flow path, in feet.

Ro Resistivity of water-rock system, in ohm-meters.

Rm Resistivity of mud, in ohm-meters.

Rmf Resistivity of mud filtrate, in ohm-meters.

Rmfe  Resistivity of mud-filtrate equivalent, in ohm-meters.
Rw Resistivity of water equivalent, in ohm-meters.

Rwqy;  Resistivity of water at 77°F, in ohm-meters.

Rw,s  Resistivity of water at 75°F, in ohm-meters.

SC Specific conductance, in microsiemens.

SF Geometric shape factor, dimensionless.

S Specific surface area of solids per unit volume of solids, in feet-!.
S, Specific surface, in feet~!.

SP Spontaneous potential, in millivolts.

T, Absolute temperature, in degrees Rankine.

T, Temperature, in degrees Celsius.

T Temperature, in degrees Fahrenheit.

Tf Temperature of formation, in degrees Fahrenheit

Tma Mean annual temperature, in degrees Fahrenheit.

Imf Temperature of mud filtrate, in degrees Fahrenheit.

€ Kozeny coefficient relates to pore geometry, dimensionless.
4 Porosity factor, dimensionless.

T Tortuosity factor, dimensionless.

a Empirical constant related to lithology, dimensionless.

Ad Change of density in grams per cubic centimeter.
d Density, in units specified of mass per unit volume.
d, Bulk density, which is density of matrix and fluid, in units specified of

mass per unit volume.
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df Density of fluid, in units specified of mass per unit volume.
dya Density of matrix, in units specified of mass per unit volume.

g Acceleration due to gravity, in specified units of length per unit of
time squared.

k Intrinsic permeability, in millidarcies.

n Porosity, dimensionless.

n, Apparent porosity from a density log, dimensionless.

n, Apparent porosity from a neutron log, dimensionless.

m Cementation factor, dimensionless.

m* Factor related to the number of reductions of the pore-size openings,
dimensionless.

D Pressure, in Pascal.

r? Coefficient of determination, dimensionless.

U Dynamic viscosity, in units specified units of mass per length-time.

CONVERSION FACTORS

Factors to convert measurements in units other than the International System of Units (SI units)
are presented. SI units are modernized metric units. The unit of time is s (second). The unit of mass is
kg (kilogram). The unit of length is m (meter). The unit of force is N (newton) and is that force which
gives a mass of 1 kilogram an acceleration of 1 meter per second per second. The unit of pressure or stress
is Pa (pascal), which is 1 newton per square meter.

SI units may use the following prefixes:

tera T 1012
giga G 10°
mega M 106
kilo k 108
milli m 10-?
micro  p 1076
nano n 10°°
pico p 10712

The following conversions may be useful to hydrologists, geologists, and geophysicists:
acceleration due to gravity (g) =9.807 m/s?
centipoise (cp)=1.000% 10~3 Pa.s (pascal second)
degree Fahrenheit (°F)=(1.8 T, + 32)
foot per day (ft/day)=2.633x10* m/s
foot per second-second (ft/s%)=3.048 X 10~! m/s?
foot (f1)=3.048x 107! m
gallon per day per square foot [(gal/d)/ft?]=4.716X10"7 m/s
grams per cubic centimeter (g/cm®)=1.000x% 10° kg/m’
inch (in.)=2.540%x 102 m
kilogram per cubic centimeter (kg/cm?)=9.807 X 10* Pa
millidarcy (mD)=9.87x 10!* m?
milligram per liter (mg/L)=1.000% 10?3 kg/m’
millimho = millisiemen
parts per million (ppm)=milligrams per liter/relative density
percent salinity of sodium chloride=10,000 ppm NaCl
pounds per square foot (Ib/ft? or psf)=4.788 X 10! Pa
pounds per square foot (Ib/in? or psi)=6.895% 10° Pa
square foot (ft%)=9.290% 1072 m?
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Using Geophysical Logs to
Estimate Porosity,

Water Resistivity, and
Intrinsic Permeability

By Donald G. Jorgensen

Abstract

Geophysical logs can be used to estimate porosity,
formation-water resistivity, and intrinsic permeability for
geohydrologic investigations, especially in areas where meas-
urements of these geohydrologic properties are not available.
The dual density and neutron porosity logs plus the gamma-
ray log can be used to determine in-situ porosity and to
qualitatively define lithology. Either a spontaneous-potential log
or a resistivity log can be used to estimate relative resistivity
of the formation water.

The spontaneous-potential and the cross-plot methods
were tested for their usefulness as estimators of resistivity of
the formation water. The spontaneous-potential method uses
measurements of spontaneous potential and mud-filtrate
resistivity to estimate the formation-water resistivity. The cross-
plot method uses porosity values and observed resistivity of
saturated rock to estimate the formation-water resistivity.
Neither method was an accurate estimator. However, in areas
of no data the methods can be used with caution.

A review of the literature of the basic relations for forma-
tion factor (F), porosity (n), and cementation factor (m) implies
that the empirical Archie equation

is applicable to carbonates, coarse-grained clastics, and uni-
formly fractured media. The relation of F, n, and m to intrinsic
permeability (k) was also investigated. Merging the well-known
Archie equation with the Kozeny equation establishes an equa-
tion for estimating intrinsic permeability. The resulting equa-
tion implies that intrinsic permeability is the function of a
medium factor, (€/S,2), and a porosity factor P, [n™*2/(1-n)?].
Where Cis the Kozeny coefficient, 5 is the specific surface of
grains per unit of volume of solids. Unfortunately, € and $,
values generally are impossible to determine from wireline
geophysical logs.

A plot of the porosity factor as a function of intrinsic
permeability defined the following empirical equation for k,
in millidarcies:

k=1.828x10° (P'-10),

where
P= (n™*2)/(1-n)?).

This equation for k was based on a selected data base
of 10 sets, which included in-place measurements of
permeability, in-place measurements of porosity from two dif-
ferent types of porosity logs, and a measurement of bulk
resistivity of the rock and water from a resistivity log. The equa-
tion has a coefficient of determination (-2 of 0.90. The rela-
tion is applicable to permeable rocks in which surface
conductance along grains is not dominant, such as most car-
bonate rocks, fractured rocks, and coarse clastics. Calculated
permeability values for different lithologies using typical values
of porosity and cementation factors compare well with typical
permeability values of the different lithologies. Some data were
available to support the equation, but considerably more data
will be needed to better test the equation established for k.

INTRODUCTION

The problem of estimating rock, fluid, and
hydraulic properties becomes more important as hydrolo-
gists are asked to solve problems related to ground-water
flow in rock material about which little is known. For
example, most studies of flow systems in deeply buried
formations have little or no hydraulic data because those
data are generally obtained from water wells, which are
rare in deeply buried aquifers or aquifers containing saline
water. Therefore, hydraulic property values of deep
aquifers commonly are estimated using sparse and in-
direct data. Available analytical methods have been
developed by petroleum engineers or geologists and are
not widely known to hydrologists who study ground-
water flow systems.

The purpose of this paper is to describe selected
techniques of using borehole-geophysical logs for water-
resources investigations. The procedure for each tech-
nique, the assumptions upon which it is based, and
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measured data for comparison and evaluation are
presented for each technique. Special emphasis is given
to techniques for estimating intrinsic permeability and
water resistivity. Discussion of porosity and lithology is
limited to those techniques directly related to the tech-
niques used for determining permeability and water
resistivity.

This paper is directed to hydrologists investigating
water resources in aquifers for which hydraulic data are
sparse, such as most deeply buried rock sections, and
assumes a cursory knowledge of geophysical logging.
Hydraulic property values are expressed in their
customary units. Calculated estimates are compared with
measured values allowing evaluation of the results. In
addition, methods of estimating in-situ water-quality
properties, such as dissolved-solids concentration,
sodium-chloride concentration, density, and viscosity are
discussed in the appendixes.

Water resistivity is a measure of the resistance of
a unit volume of water to electric flow and is related to
water chemistry and temperature. Water that has a low
concentration of dissolved solids has a high electrical
resistance, whereas water that has a high concentration
of dissolved solids has a low resistance. Quantitative tech-
niques are available for identifying water resistivity—a
characteristic related to water chemistry. The relation of
dissolved solids and common chemical constituents to
water resistivity commonly is known or can be deter-
mined. (See appendixes B and C.)

Intrinsic permeability, usually called permeability,
is a measure of the relative ease with which a medium
(rocks) can transmit a liquid under a potential gradient;
it is a property of the medium alone. The cross-plot
method determines intrinsic permeability from borehole
geophysical logs using the cementation factor.

Methods of estimating water resistivity and
permeability in aquifers of a porous medium whose
freshwater contains less than about 700 mg/L dissolved-
solids (Huntley, 1986, p. 469) were described by Biella
and others (1983), Jones and Buford (1951), Alger (1966),
Pfannkuch (1969), Worthington (1976), and Urish (1981).
The methods usually require detailed information about
the water chemistry and about the nature of the porous
medium. For example, to estimate permeability of a
coarse-grained porous medium, the average grain size and
the uniformity coefficient, as well as the surface conduct-
ance of the water molecules surrounding the grains must
be known. Those data are seldom known.

ESTIMATING POROSITY AND LITHOLOGY

Because the techniques discussed rely on data about
porosity, lithology, and rock and water resistivity from
wireline-geophysical logs, some discussion of wireline

geophysical logs with special reference to water is rele-
vant. A method allowing a “‘quick’’ qualitative lithology
interpretation is available that uses the same borehole-
geophysical logs used to determine porosity and to
estimate water resistivity and permeability.

A suitable geophysical log for determining poros-
ity and lithology combines a compensated-neutron poros-
ity log and a compensated formation-density log,
especially if traces of both are printed on the same log
chart as is shown in figure 1 (right side). The combina-
tion log is termed a ‘‘dual-porosity log’’ in this paper.
Figure 1 also shows a gamma-ray trace and a caliper trace
(both left side). The gamma-ray log supplements the dual-
porosity log in lithologic interpretations. The dual-
porosity log is especially powerful because not only are
porosity values recorded, but also the position of the den-
sity trace with respect to the neutron trace generally in-
dicates lithology. For example, if the density trace is to
the right of the neutron trace on a dual-porosity log
calibrated to limestone, either shale or dolostone or
dolomite is implied. The gamma-ray trace defines the
shale sequence; thus, shale and dolomite can be easily dif-
ferentiated (fig. 2). If the density trace is close to the
neutron trace, calcite, such as limestone, is indicated. If
the density trace is to the left of the neutron trace, silica,
such as sandstone and chert, or a gas effect is indicated
(fig. 2). As an example, figure 1 shows the top of a sand-
stone that underlies a dolostone at 2,000 ft.

Quantitative techniques are available for identify-
ing simple lithologies and for correcting for shaly condi-
tions. Most of the techniques use neutron, density
(gamma-gamma), dielectric, and sonic logs to define
porosity for cross-plotting methods. These techniques are
described in log interpretation texts and manuals; some
uses of these techniques are presented by MacCary (1978).

Before the compensated-porosity logs were avail-
able, porosity was determined using uncompensated
sonic, gamma-gamma, and neutron logs. Interpretations
were difficult because of unknown lithologic differences
and variations in hole size. MacCary (1983) discussed how
to use uncompensated and (or) uncalibrated porosity or
other geophysical logs in investigating carbonate aquifers.
The resistivity versus porosity cross-plotting method can
be used with these logs.

Porosity values determined from sonic logs nor-
mally are assumed to represent nonfracture porosity.
Therefore, fracture porosity may be estimated if the
porosity determined from sonic logs is subtracted from
total porosity determined from compensated dual-
porosity logs. However, porosity values from some sonic
logs sometimes exceed total porosity values. Thus, the
assumption that sonic-porosity values represent only non-
fractured porosity cannot be made without additional in-
formation about conditions in the hole or about shaliness.
Likewise, because the fracture porosity is usually small,

2 Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability



CALIPER

DIAMETER IN INCHES 13 | POROSITY. IN PERCENT (LIMESTONE MATRIX)
————————————————— TS COMPENSATED FORMATION-DENSITY POROSITY
4 30 20 10 0 -10
GAMMA RAY, IN API UNITS T
150 K COMPENSATED-NEUTRON POROSITY
w
30 20 1 0 -1
% wo| © [ ___ 2 w0 o - 0
T P
3 S
.' 1,900 Re
Q >
. S
! (\\ <
{i 2
v /
i/i o — =
—
. S~ 3
i ? > 5
l ‘L
| =
! -
| § S 4
1 L
\ ~
i % >
. P
™Caliper = ;
I >
| { < B
I 2
‘I < -
| N\
! =2
1 S
= Sz
=' 2,000 =2
: ST =
: =S
' e——T"T"T[_ " _ |Dolostone
_ = Sandstone
T
" % 2
L \l
: = 5
| Density porosity < <
/l /
' ~
'\~ Gamma ray ///
\\‘ ~ (
[}
; < <_: ;/Neutron porosity
' P —
/,/ (:f —_ ; =
A} )
\ b
] 5 S~ —_ .
, L = =
2,100 S i SR

Figure 1.

Dual-porosity, gamma-ray, and caliper logs.

Estimating Porosity and Lithology

3



GAMMA-RAY LOG DUAL-POROSITY LOG
Depth -
Gamma-ray units } Porosity
!
ICompensated
Shale | neutron o
| ) ompensated
Gamma ray ip_orosnty density
porosity
Limestone
I
I
Sandstone I
|
1
I
Dolostone :
|
|
Figure 2. |dealized dual-porosity log calibrated to limestone

matrix and gamma-ray log.

slight errors in either or both porosity logs can make frac-
ture porosity impossible to detect.

ESTIMATING WATER RESISTIVITY

Resistivity and spontaneous-potential logs contain
information useful in estimating water resistivity.
Resistivity logs are the most widely used and most com-
monly available type of geophysical log. A resistivity log
records resistance of the electrical current flow in rock
with depth. There are many types of resistivity logs; most
variations refer to the specific method of measuring, such
as a lateral log, an induction log, or a conductivity log.
A typical resistivity log is shown in figure 3.

The spontaneous-potential log records the spon-
taneous potential (SP) of the fluid-filled borehole (fig. 3).
The SP measured is largely an electromotive potential be-
tween the mud filtrate, the water within the rock, or the
adjacent saturated rock materials.

The combined SP log and resistivity log is common
and is here called an electric log. A hypothetical electric
log of a sandstone and shale sequence is shown on figure
4. Each deeper sandstone contains water of increased
salinity. Two resistivity traces are shown—a deep and a
shallow trace. Deep implies that the resistivity measured
represents material at some distance from the well bore.
In addition, deep resistivity measurements generally
represent undisturbed formation water and rock. The
shallow trace measures the resistivity of the material ad-
jacent to the borehole. This shallow resistivity is most
likely to be affected by the invading drilling fluid. The
following methods can be used to estimate water
resistivity.

Qualitative Methods

Two little-known but easy to apply methods for
qualitatively estimating relative water resistivity use the
resistivity log and the spontaneous-potential log. Figure
4 shows that within sandstone D, the resistivities, as
recorded on both the shallow and deep traces, are equal.
Therefore, the formation-water resistivity can be assumed
to be equal to the mud filtrate as measured by the shallow
trace. Thus, the formation-water resistivity is equal to the
mud-filtrate resistivity. Mud-filtrate resistivity usually is
measured, and its value can be found on the log heading.

Spontaneous potential is a function of the log-
arithm of the ratio of the ionic activity of the formation
water to the mud filtrate. Therefore, for the SP deflec-
tion to be zero, as shown for sandstone D in figure 4,
the ratio is 1 and the activites are equal. If resistivities
and activities are assumed to be proportional, the usual
assumption in interpreting SP logs, it follows that the
resistivity of the water equals the resistivity of the mud
filtrate, which is usually recorded in the log heading. This
unique condition is useful in quickly estimating the water
resistivity at one point and for qualitatively evaluating
the relative water resistivity in overlying or underlying
permeable rocks, assuming other conditions are equal.

Spontaneous-Potential Method

The two quantitative techniques typically used to
estimate water resistivity are (1) the spontaneous-potential
method, which is the most common, and (2) the cross-
plot method. Although both methods are usually
presented in most well-logging manuals and texts, their
accuracy is not. In the present paper, estimated values
are compared with measured values to evaluate the use
and accuracy of the method.

The spontaneous-potential method can be used to
estimate resistivity of sodium-chloride-type water. The
method is widely known and described in nearly all texts
and well-logging manuals, such as ‘‘Application of
borehole geophysics to water-resources investigations’’
(Keys and MacCary, 1971), and is based on the equation:

Rmf

SP = K log
Rw

0))

-e

where SP is the spontaneous potential, in millivolts, at
the in-situ (formation) temperature; K, in millivolts, is
a constant porportional to its absolute temperature within
the formation; Rw is resistivity of water equivalent, in
ohm-meters, at in-situ temperature; and Rmf is the
resistivity of mud filtrate, in ohm-meters, at in-situ
temperature. This method of calculation requires spon-
taneous potential from an electric log and the mud-filtrate

4 Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability
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resistance measurement, generally recorded on the log
heading. .

The spontaneous-potential method is commonly
used because SP logs are readily available. (More elec-
tric logs are available than any other type of geophysical
log.) This method of estimating water resistivity is useful
in sand-shale sequences where good SP differences ex-
ist, but reportedly is not usable or works poorly in car-
bonate rocks (MacCary, 1980, p. 3). However, no terms
in equation 1 refer to lithology; thus, the equation should
be applicable to any permeable rock type.

An algorithm, similar to the one presented by
Bateman and Konen (1977), for using SP to determine
Rw is shown in figure 5. Mud-filtrate resistivity values
(Rmyf) at specific temperature (Tmf) and the in-situ
temperature of the permeable material (7f) at which the
SP is measured are required. The SP value, in millivolts,
is the signed (+ or -) difference between the potential
of the aquifer material and the potential at the reference
shale line (vertical line along which most shale or clay
sequences plot). If the value of Rmf is not known, an
Rmf can be estimated from the mud resistivity (Rm):

Rmf 2075 Rm . 2

The in-situ (formation) temperature (7¥) is rarely known
unless temperature was measured in the borehole after
drilling had been completed. However, Tf may be
estimated by assuming that the temperature between the
mean annual temperature near the surface and the
temperature at the bottom of the borehole (BHT) in-
creases linearly with depth; mathematically, 7f can be
shown as

Tf = Tma + (BHT_TI;ZM) (Df) ; (3a)

where Df is formation depth, and D¢ is the total hole
depth at which BHT was measured. A second and similar
method of estimating Tf uses information on the geother-
mal gradient of the area:

Tf 2 Tma + (geothermal gradient) (Df), (3b)

where geothermal gradient is in degrees per unit depth.

The procedure for the spontaneous-potential
method to estimate the water resistivity is:

1. Determine Rmf and Tmf. Read values from the
log heading. If Rmf is not available, estimate from Rm
using equation 2.

2. Determine SP from the spontaneous-potential
trace on the electric log.

3. Determine Tf from temperature log or estimate
using equations 3a or 3b.

4. Determine formation-water resistivity (Rw)
using the algorithm shown in figure 5.

The spontaneous-potential method was used to
estimate Rw for 11 rock sequences in boreholes for which
the formation-water resistivity had been measured.
Results of comparing Rw estimated from SP method
versus Rw measured from chemical analyses are listed in
table 1 and are shown in figure 6. A least-squares analysis
for a linear relation indicates a coefficient of determina-
tion (r2) of 0.66. A coefficient of determination of zero
indicates no correlation and a value of 1 indicates perfect
correlation. The value of 0.66 indicates that a correla-
tion exists. Examination of figure 6 indicates that a scat-
ter of about 1 order of magnitude might be expected.

The coefficient of determination of 0.66 may be
typical for the method if logs from the petroleum industry
are used. The value of the coefficient might be interpreted
as an inaccurate estimator. However, water resistivity in
nature ranges from about 0.01 to more than 10—more
than 3 orders of magnitude. Thus, if an accuracy of plus
or minus one-half order of magnitude is acceptable, the
method may be used with caution to estimate water
resistivity in areas of no measured data.

6 Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability



Rmf, Tmf, SP, Tf

AU

(Tmf+7)
=Rmf——(05— |
Rmf75 mf 82 i

NO Rmfys>01 " YES ‘

146 Rmfrs—5 Rmfe=0.85 Rmfs
Rmfat77

| ]

Rmfe=

l

K=60+0.133 Tf
Rwe=Rmfe 1057/K

Rmfe
Rmf;g

RU)75

EXPLANATION

K Spontaneous potential constant at a specific temperature
Rmf Resistivity of mud filtrate, in chm-meters
Resistivity of mud filtrate equivalent, in chm-meters
Resistivity of mud at 75°F, in ohm-meters
Rw  Resistivity of water, in ohm-meters
Rwe Resistivity of water equivalent, in ohm-meters
Resistivity of water at 75°F, in ohm-meters
SP  Spontaneous potential, in millivolts
Tf Temperature of formation, in degrees Fahrenheit (°F)

Tmf Temperature of mud filtrate, in degrees Fahrenheit (°F)

l.Rwe\> %

_ _75 Rwet5 —_ —10)(0.69 Rwe—0.24)
Rw75= 146—337 Rwe Rus=—((0.58-10)0% fue=024)
| : |
Rw=Rw7;5(82/(Tf+7))
(%?}cﬂp
Figure 5.

The 11 rock sequences tested were mostly car-
bonates. No evidence was found to indicate that the
method was better suited to sandstone than any other type
of rock if the shale line for the SP curve could be
established; however, only three sandstone sequences
were used in the test.

The accuracy of the method depends on the ac-
curacy of the spontaneous-potential measurement, which
is difficult to measure accurately because spurious elec-
tromotive forces are inadvertently included in the
measurement. Equation 1 is most applicable if the for-
mation water is saline, sodium and chloride are the
predominant ions, and the mud is fresh and contains no
unusual additives.

Cross-Plot Method

The cross-plot method for determining water resis-
tivity is discussed in MacCary (1978). It is also referred
to as the ‘‘carbonate’’ method or the ‘‘Pickett’’ cross-
plot method and is not as widely used as the spontaneous-
potential method.

As the name implies, the method requires a cross
plot of resistivity and porosity values of saturated
material. These values are plotted on log-log graph paper

Flow chart of spontaneous-potential method of estimating resistivity of formation water.

and a line is fitted to the points. Ideally, the points define
a straight line, and the intercept of the line projected to
the 100-percent porosity value represents the water
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Figure 6. Measured and estimated resistivity of water.
Numbers are those of boreholes listed in table 1.
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Table 1. Water-resistivity data
[Leaders (---) indicate data not available]

Resistivity of water, in ohm-meters

Rock-section depth,

Name and location of

Hgie Measured Estimated lithology, and borehole
° formation
Spontaneous- Cross~-plot
potential method method
1 0.12 0.38 0.80 Depth 2,420~-2,444 ft, vuggy dolostone, DC & FA #1: SEL/4NW1/4NW1/4,
Jefferson City Dolomite. sec. 13, T. 12 S., R. 17. E.
Douglas County, Kansas.
2 .79 .86 44 Depth 615-955 ft, limestone and shale, Do.
Pennsylvanian Lansing-Kansas City Groups.
3 27 .36 1.9 Depth 2,240-2,335 ft, cherty Do.
dolostone, Ordovician Viola Limestone.
4 .19 .26 .80 Depth 2,398-2,508 ft, dolostone and Do.
sandstone, Ordovician and Cambrian
Simpson and Arbuckle Groups.
5 .14 .20 — Depth 2,934~-3,985 ft, calcareous Do.
sandstone and granite, Cambrian Lamotte
Sandstone and Precambrian rock.
6 .61 .48 .20 Depth 3,343-3,665 ft, sandy Geils #1: SW1/4SW1/4SW1/4,
dolostone and cherty dolostone, sec. 32, T. 13 S., R. 2 W.,
Simpson and Arbuckle Groups. Saline County, Kansas
7 .15 .09 .15 Depth 1,980-2,200 ft, limestone, Do.
Lansing and Kansas City Groups.
8 .10 .09 .22 Depth 2,616~-2,804 ft, limestone, Do.
Mississippian Warsaw, Keokuk,
Burlington, and Fern Glen Limestones.
9 .10 .09 .35 Depth 2,970-3,070 ft, dolostones, Do.
Devonian and Silurian Hunton Group.
10 .67 —— .20 Depth 3,384-3,498, dolostone, slightly Do.
cherty, Arbuckle Group.
11 .17 .07 .38 Depth 1,760-2,179 ft, dolostone and Watson #1: SEL/4SW1/4SEl/4,
sandstone, Arbuckle Group and sec. 18, T. 18 S., R. 23 E.
Lamotte Sandstone. Miami County, Kansas.
12 .38 .07 .70 Depth 1,245-1735 ft, limestone and Do.
dolostone, Hunton and Arbuckle Groups.
13 2.09 — 3 Depth 900-1,500 ft, dolostone and sandy Ordinance #l: Center SW1/4,
dolostone, Ordovician Cotter, sec. 22, T. 31 S., R. 20 E.,
Jefferson City, and Gasconade, Labette County, Kansas.
Dolomites, and Roubidoux Formation.
14 .16 -— .20 Depth 1,501-1,816 ft, dolostones with Do.
vuggy zones, Ordovician and Cambrian
Gasconade, Eminence, and Bonneterre
Dolomites.
15 5.31 -— 56 Depth about 2,600 ft, dolostone, Madison #l: NE1/4SEl/4,

Mississippian Mission Canyon Limestone.

sec. 15, T. 57 N., R. 65 W.,
Crook County, Wyoming.

resistivity (Rw). This hypothesis was tested using data
from two dolostone cores (DC & FA #1 and Geis #1) from
Douglas and Saline Counties, Kansas. The cores were
saturated with water of known resistivity. The results are
shown in figure 7 and are encouraging because the pro-
jection of a line, which fitted most of the data from the
Geis #1 core, intercepted the 100-percent porosity line
close to the measured Rw value. However, DC & FA #1
core results show a few data points falling below the
straight line, probably because the Ro values for poros-
ity values less than 3 percent may be affected by surface
conductance along the grains. (Ro is the combined
resistance of water and saturated rock.)

Porosity and resistivity values for the cross plot can
be obtained from geophysical logs. Homogeneous lith-
ology, constant water resistivity, and 100-percent water
saturation are assumed. Resistivity values from logging
devices that “look deep” into a formation are preferable.
Suitable logs might be a deep-induction log (as shown in
fig. 3), a long-lateral log, a deep-conductivity log, and so
forth. (Conductivity is the inverse of resistivity, generally
recorded in millimhos or micromhos per meter.)

The most accurate porosity values are obtained
from a dual-porosity log, such as the log shown on figure
1. However, other porosity logs, such as sonic, neutron,
density, or dielectric, could also be used. Porosity deter-
mined from a resistivity log cannot be used.

The procedure for determining water resistivity
using a dual-porosity log (including a gamma-ray trace),
and an electric log (including a resistivity trace) is as
follows:

1. Identify the lithology on the dual-porosity
log.

2. Select a rock sequence of uniform lithology to
analyze.

3. Record both neutron and density porosity values
for the selected points. Be certain to include the maximum
and minimum porosities as well as values within the
range. About 10 points typically are needed to define the
line.

4. Calculate porosity values using a graph similar
to that shown in figure 8. (See log-interpretation manuals
for more details and for the appropriate graphs for the
tool used.)

8 Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability



EXPLANATION

POROSITY (n), IN PERCENT

1.0 O DC&FA #1, Core, dolostone —
o Geis #1, Core, dolostone
X Measured water resistivity
m Cementation factor
0.1 | i I
0.1 1.0 10 100

1,000

RESISTIVITY OF ROCK WATER SYSTEM (Ro), IN OHM-METERS

Figure 7. Cross plot of resistivity and porosity measured on dolostone cores.

5. Record resistivity values from the deep resistivity
trace of the same points selected in step 3.

6. Plot the resistivity and porosity values as shown
in figure 9 using log-log graph paper.

7. Fit a straight line to the data points. During the
straight-line fitting, give less weight to the lower poros-
ity values because their resistivities may be affected by
conductance along the grain. The resistivity indicated by
this intercept is the water-formation resistivity. Project
the straight line to 100-percent porosity.

When using the cross-plot method, points defining
a straight line to the degree of desired accuracy cannot
always be selected. Logs with expanded depth scales are
easier to use in selecting better porosity and resistivity
value sets because the same point on all logs can be
located more accurately. An example of the method is
shown in figure 9 using data from the logs shown in
figures 1 and 3.

If the rock section is not 100-percent saturated with
water, the rock-water system resistivity (Ro) values

obtained from the log will be larger than Ro values of
the aquifer material if it had been 100-percent saturated.
The values would plot to the right of the line defining
n versus Ro for a 100-percent water-saturated section. The
unusually large resistivity values may indicate an un-
saturated zone, hydrocarbons, or gases.

Because the porosity and resistivity logarithms
define a straight line, standard least-squares techniques
can be applied to determine the standard estimate of
error. Accordingly, the standard estimate of error for Rw
can also be defined. Note that the estimated Rw is for
formation conditions. The accuracy of the method was
tested by estimating Rw for 15 rock sections for which
Rw had been measured (fig. 6). A least-squares analysis
gave a coefficient of determination of 0.88, a value that
may be typical of estimates based on available logs. Figure
6 shows variations or scatter of about 1 order of
magnitude in a range of more than 3 orders of magnitude
that can be expected in nature. Thus, based on the results
shown in figure 6, the method did not accurately estimate

Spontaneous-Potential Method 9
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Rw; however, the method can be used to estimate
formation-water resistivity in areas of no data if an
estimated accuracy of plus or minus one-half order of
magnitude is acceptable. The method is applicable ir-
respective of whether the water is saline or fresh.

The accuracy of the method generally is proportional

10

to the range of porosity measured within the section of
interest. The wider the range, the more accurately the line
can be defined. The recorded measurement can be read
more accurately from the log (trace) if the scale is ex-
panded. Also, the accuracy of the measurement is of con-
cern. The consistency of resistivity values as measured by

Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability
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Rw =0.38
ohm-meters
EXAMPLE
Determine: Water resistivity (Rw), cementation factor (m),
and formation temperature (T})
Given: Geothermal gradient =0.0133° Fahrenheit
6 per foot
Average depth =2055 feet

s 10 — o Mean annual temperature =55° Fahrenheit —
8 o7 Solution: Rw=Ro at 100-percent porosity =0.38
E m=1.37/1=1.37
e Tf=55+(0.0133) (2055)=82° Fahrenheit
,g: o
'l
=
8 Data | Depth, | Ro n
5 point | in feet |((fig.3)|(fig.1)
o 10— —

1 2,020 95| 95

2 | 2026 (12 |10

3 | 2036 |18 6

4 2,041 | 26 3.5

5 | 2059 6 |13

6 |2071| 45|16

7 |2092] 6 7

0.1 | l ( |
0.1 1.0 10.0 100 1000

RESISTIVITY OF THE ROCK-WATER SYSTEM (Ro), IN OHM-METERS

Figure 9. Cross plot of geophysical-log values of Ro and n. See table 1 for description of boreholes.

the induction tools, lateral-resistivity tools, and conductiv-
ity tools are generally unknown to the user. For example,
tools may be adjusted in the field to produce a “sharp”
trace irrespective of the ohm-meter scales used on the logs.

The Rw value may be used to estimate water
chemistry if the relation has been established. For exam-
ple, the sodium-chloride content can be estimated for
many saline waters if the in-situ temperature of the water
is available or can be estimated. Turcan (1966) used
resistivity logs to determine Rw, which he then correlated
with chloride or dissolved-solids concentration.

Dissolved-solids concentration can be estimated
from specific conductance (conductance at 75 °F), usually
expressed in microsiemens or micromhos per centimeter,
if the relationship between specific conductance and
dissolved solids is known. A method of estimating
dissolved-solids concentration in water from Rw is given
in appendix A.

ESTIMATING PERMEABILITY

Background and Research

In the deep subsurface and (or) areas where the
media (rocks) contain saline water, few hydraulic

properties of rocks, such as intrinsic permeability or
hydraulic conductivity, have been measured. Of the few
measurements available, most are of intrinsic permeability
and most have been made on rocks in the search for oil
and gas. Intrinsic permeability (k) is a measure of the rela-
tive ease with which a medium can transmit a liquid under
potential gradient, and it is a property of the medium
alone. Hydraulic conductivity (K) is a measure of the ease
of the flow of water at a specific viscosity through a rock.
Hydrologists studying shallow ground water generally use
the term “hydraulic conductivity;” whereas petroleum
engineers and geologists use “intrinsic permeability” The
relation between the two properties is

K = kdg , 4

1

where K is hydraulic conductivity,
k is intrinsic permeability,
d is the density of the fluid,
g is the acceleration due to gravity, and
p is the dynamic viscosity of the fluid.

Both density and viscosity are functions of temperature,
salinity, dissolved gases, and, to a lesser degree, pressure.

Estimating Permeability 11



Water viscosity and density are functions of temperature
and salinity. Density, viscosity, and temperature relations
are shown in figures 10, 11, and 12. The viscosity-to-
temperature relation for various sodium-chloride solu-
tions shown in figure 11 can be approximated by an equa-
tion derived by Weiss (1982), which is given in appendix
D. Methods of estimating density from dissolved-solids
concentration are given in appendix C.

Most intrinsic-permeability values are determined
from testing cores in the laboratory or from a drill-stem
test. Most drill-stem tests are conducted on petroleum
reservoirs, and the results, even if accurate, must be used
with care because they may represent hydrocarbon reser-
voirs rather than aquifers.

Intrinsic-permeability values determined from core
tests usually do not completely represent conditions in
the rock because any method of collecting cores disturbs
the rock. Also, recovery of unconsolidated material is dif-
ficult and rarely successful. Laboratory tests should be
run under conditions duplicating those in the subsurface.
Determining k values of fractured rock from cores is ex-
tremely difficult because fractured core pieces are nearly
impossible to arrange exactly as they were positioned in
the subsurface. Also, the scale problem must be con-
sidered. Does a small volume of core represent the large
volume of rock and fluid being considered? The scale
problem arises when determining aquifer permeability
that may be considered homogeneous over a thickness
of tens or hundreds of feet, but that is extremely variable
over a short distance, such as 1 inch. For example, the
intrinsic permeability values for sample 10 listed in table
2 ranged from 4,890 mD to 0.01 mD. Obviously, an
averaging technique, such as the geometric mean or a
thickness-weighted mean, is required to determine the ef-
fective permeability of the core. Thus, even if an un-
disturbed fractured core could be obtained, how many
point samples would be necessary to define the effective
intrinsic permeability of the aquifer? From the discus-
sion, obviously the k value determined from a core or
a drill-stem test must be carefully evaluated before assum-
ing the value is representative of a large rock mass.

The concept of relating formation factor to intrin-
sic permeability is appealing and has been investigated
by many. Bear (1972, p. 113-117) related formation
factor (F) to a tortuosity factor by

F=C®nm &)

where C(¥) is some tortuosity function, n is porosity, and
m* is a function of the number of reductions in pore size
openings. The function C(T) may be 1 or less because the
tortuosity factor is 1 or less. The tortuosity factor is de-
fined as:

T=WLP ®)

TEMPERATURE (T ),IN DEGREES FAHRENHEIT (°F)
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Figure 10. Viscosity, density, and temperature of fresh-
water (data from Weast, 1984).

where L is sample length, and L, is effective electrical-
flow path length. Note that the tortuosity factor of equa-
tion 6 differs from the tortuosity defined by Winsauer
and others (1952, p. 255). Equation 5 indicates that for-
mation factor depends on pore size and its reduction, and
tortuosity. Equation 5 may be useful, but a procedure
to apply data from geophysical logs to equations 5 and
6 has not yet been fully developed.

The relations among the resistivity recorded on a
geophysical log, water resistivity, and rock-material
resistivity is not entirely straightforward. Archie (1942)
assumed that the rock material was nonconductive and
derived empirical equations to define observed resistivities
in terms of reservoir properties. The most generalized
form of the Archie equation (Archie, 1942, p. 56) is

F=nm , )

where F is the formation factor (dimensionless),
n is porosity (dimensionless), and
m is the cementation factor (dimensionless).

The relation of formation factor to pressure and
temperature is not completely known. In reference to
temperature effect, Somerton (1982, fig. 12, p. 188)
showed that the logarithm of the ratio of the formation
factor at a specific temperature to formation factor at
a specified reference temperature for the Berea Sandstone
varied nonlinearly with temperature change.

For increasing pressure, Helander and Campbell
(1966, p. 1) reported that formation factor changes can

12 Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Permeability
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Figure 11.  Water viscosity at various temperatures and percentages (%) of salinity (modified from Matthews and Russell, 1967).

be attributed to the following: (1) The increase in length
of the mean free path for current (increased tortuosity)
results from increased constriction as pores close, (2) the
amount of constriction is largely due to the closing of

the smallest pores, and (3) the effect of the double layer
is increased by the reduced area of the pores as porosity
decreases.

The cementation factor (m) is a function of
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Table 2. Porosity and permeability data

tortuosity and pore geometry. Tortuosity is the ratio of
the fluid path length to the sample length. Aquilera (1976)
studied the effect of fractured rock on the formation and
cementation factor, and used a double-porosity model
to define m. The model implies that m will approach 1
for a rock mass in which all porosity is the result of frac-
tures (that is, there is no interconnected primary porosi-
ty). Because the length of the flow path in a fractured
medium is much shorter than the length of flow path in
a porous medium, the tortuosity of the fractured medium
is small; the cementation factor is also small and ap-
proaches 1. The relation of porosity (n), formation factor
(F), and the tortuosity factor (P is:

F=—~ (8)

Archie further defined
F = Ro/Rw , )

where Ro is resistivity observed (log resistivity), and Rw
is the formation-water resistivity. (In the present paper,
Ro is assumed to be the bulk water and rock resistivity
unaffected by fluid invasion, sometimes called true
resistivity or Rt.)

[k, intrinsic permeability in millidarcies (mD); n, porosity, dimensionless; m, cementation factor, dimensionless; Rw, resistivity of water,
in ohm-meters; F, formation factor, dimensionless; leaders (---) indicate data not available]

Hole Average Rock-section depth, lithology Name and location of
k n m Rw F

No. remarks, and formation borehole (source)

1 6.45 0.105 2.01 0.144 — Depth 2,420-2,443 ft, vuggy dolostone, DCL & FA #l: SE1/4NW1/4NW1/4, sec.
maximum X=17 mD, minimum %=0.1 mD, 13, T. 12 S., R. 17 E., Douglas
core, Jefferson City Dolomite. County, Kansas (Gogel, 1981).

2 4.9 .13 2.37 — —-— Depth 1,980-2,200 ft, oolitic limestone, Geis #1: SW1/4SW1/4SW1/4, sec. 32,
drill-stem test, Lansing and Kansas T. 13 S., R. 2 W., Saline County,
City Groups. Kansas (Gogel, 1981).

3 4.74 .074 1.86 1.01 —_— Depth 3,482-3,493 ft, dolostone, Do.
maximum X=29 mD, minimum k=0.02 mD,
core, Roubidoux Formation.

4 4.54 .092 2.15 —-— - Depth 2,934-2,985 ft, calcareous sandstone DCL & FA #1: SE1/4NW1/4NW1/4,
and granite, drill-stem test No. 1, sec. 13, R. 17 E., Douglas
Lamotte Sandstone and Precambrian rock. County, Kansas (Gogel, 1981).

5 101 .181 1.78 — — Depth 2,616-2,804 ft, cherty limestone Geis #1: SW1/4SW1/4SW1/4, sec. 32,
and dolostone, drill-stem test, Warsaw, T. 13 S., R. 2 W., Saline County,
Keokuk, and Burlington Limestones. Kansas (Gogel, 1981).

6 300 .125 1.09 -— - Depth 2,944-3,046 ft, porous dolostone, Do.
drill-stem test, Hunton Group.

7 1,147 .22 1.10 14.1 5.29  Depth 210-610 ft, limestone, aquifer GF 18: sec. 20, T. 7 S., R. 10 W.
test on well tapping the Floridian Gulf County, Florida (Kwader,
aquifer. 1982).

8 171 .10 1.26 5 -— Depth 2,500-2,760 ft, dolomite, breccia, Madison #1: NE1/4SEl/4, sec. 15,
some intensely fractured, some very T. 57 N., R. 65 W., Crook County,
dense, flow-dye test, Mission Canyon Wyoming (Blankennagel and others,
Limestone (maximum k=789 mD, minimum 1977).
k=0.4, from core test).

9 155 .136 1.49 — — Depth 2,760-3,030 ft, limestone and Do.
dolostone with some thin anhydrite and
interbedded shale, flow-dye test
(maximum k=320 mD; minumum k=0.1 mD).

10 360 .149 1.49 -— ——— Depth 3,100-3,400 ft, dolostone, some Do.

breccia texture, some crystalline,
some vuggy, some dense; flow-dye test
(from core test, maximum k=4,890 mD,
minimum X=0.1 mD).
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Combining equations 7 and 9 yields:
Rw = Ro n™ . (10)

If Rw is constant, equation 10 will yield a straight line
with the slope of -m on a log-log plot of 7 versus Ro as
shown in figures 7 and 9.

Sethi (1979) comprehensively reviewed the work of
many researchers in defining formation-factor relations.
The paper includes data originally presented by Winsauer
and others (1952) in their resistivity study of brine-
saturated sands and pore geometry. Raiga-Clemenceau
(1977) reviewed the derivation and accuracy of the com-
mon forms of the modified Archie equation:

F=anm , (11)

where a is an empirically determined constant probably
related to lithology. Some authors term ‘‘a’’ the cemen-
tation factor and ‘““m’’ the cementation exponent (Dewan,
1983, p. 19). The two terms are covariant because they
are not independent variables. Two variations of equa-
tion 11 are

F=062n215 | and (12)
F=1.0n2 . (13)

Equation 12 is sometimes called the Humble equation and
is used for clastics. Equation 13 is sometimes called the
carbonate equation. Raiga-Clemenceau (1977) noted that
both equations are empirical and concluded that intrin-
sic permeability might be used to better define F. Accord-
ingly, he chose to define F by setting a equal to 1, which
is the Archie equation, and making m a function of k.
The equation yielded a formation factor with less error
than the formation factor estimated by the Humble equa-
tion. In conclusion, the Archie equation (eq. 7) may be
as appropriate for clastics as it is for carbonates, especial-
ly considering the empirical nature of the equations.

The following discussion relates formation factor,
cementation factors, and tortuosity factor to intrinsic
permeability. Regression analysis is one technique for
defining intrinsic permeability in terms of formation
factor. Carothers (1968) derived two equations for intrin-
sic permeability (in millidarcies):

k = 4.0 108/F3.65 (14)
for limestone, and
k = 7.0X 108/F45 (15)

for sandstone. Ogbe and Bassiouni (1978, p. 10) used a
similar approach.

Croft (1971) successfully correlated the ratio
Ro/Rw with intrinsic permeability. However, the correla-
tion requires information about water chemistry, which
is not available from geophysical logs. The method works
well locally where the change in Ro is primarily due to
a change in porosity. MacCary (1984) pointed out that
in thick hydrologic units, neither Rw nor Ro can be con-
sidered constant.

Stephens and Lin (1978) derived an equation for
intrinsic permeability that includes a geometric shape
factor (SF) of the pore and the hydraulic radius (HR),
which is defined as the ratio between area of cross sec-
tion of the pore and its wetted perimeter. Their equation is

HR2

k= —"— (16)
SF nO0.5F1.5

SF is 2 for circular pores and 3 for narrow cracks.

Stephens and Lin reported good correlation between

calculated values of intrinsic permeability and the meas-

ured permeability values presented by Brace (1977).
If equation 7 is substituted into equation 16,

k = (HRZ/SF)'n(l'Sm'O'S) . a7

Equation 17 implies that intrinsic permeability is a func-
tion of the medium, the first set of terms, and a term that
includes porosity and cementation factor.

The Kozeny equation is a common starting point
for relating intrinsic permeability and resistivity of porous
media. This equation as stated by Bear (1972, p. 166) and
Herdan (1960, p. 196) is

Tnd

2
SP

k=€

(18)

where €is the Kozeny coefficient, and Sp is the specific
surface, which is defined as the total interstitial surface
area of the pores per unit volume of the medium.
The relation between specific surface area of the
solids per unit volume of solids (S;) to specific surface

(S,) is

S
=P ) (19)
(1-n)

S

Substituting equations 8 and 19 into equation 18 yields:

€ n
FS2 (1-np?

(20)

Equation 20 would be especially useful if ¥ and Rw were
independently known, but generally they are not. If equa-
tion 7 is substituted into equation 20:
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m+2
k=—SC .1 i @1

S22  (1-nm)?

s

Equation 21 indicates that permeability is a function of
a medium factor (first set of terms right of the equal sign)
and a porosity factor (P) (the last set of terms). Specifical-
ly, the porosity factor is

npm+2

T (1-np

(22)

The numerator of Pindicates that as the cementation fac-
tor (m) decreases, the porosity factor and the intrinsic
permeability increase. Similarly, the denominator in-
dicates that as the porosity increases, the porosity factor
and permeability increase. All values for the porosity
factor can be evaluated from information from geophys-
ical logs. The factor €can be evaluated; however, efforts
to evaluate S, from geophysical logs are not straight-
forward. Nevertheless, equation 21 does imply that any
relation for permeability should include a medium factor
and a porosity factor.

A search was made to find data sets of intrinsic
permeability, porosity, and cementation factor for un-
consolidated, consolidated, and fractured rock of various
lithologies. The literature reports numerous values for
cementation factor, core permeability, and empirical con-
stant (@), but little is said about how the properties were
measured or what equation was used to determine the
factors. Because several different procedures are com-
monly used, finding reported data to compare is difficult.
The approach used here was that of Raiga-Clemenceau
(1977); that is, equation 7 was considered an appropriate
form of the Archie equation to use. The cementation
factor was calculated from equation 10 or it was deter-
mined from the Ro versus porosity cross plot. Special
preference was given to in-situ permeability and poros-
ity measurements from dual-porosity logs. Only a few
sites were found that met the requirements (table 2). Near-
ly all data in table 2 are for carbonate rocks. The data
from table 2 are plotted in figure 13, which shows poros-
ity factor versus intrinsic permeability. Because of the
wide range in values, a log-log plot was chosen.

A least-squares line was used to fit data as shown
on figure 13, and the regression in equation of the line is

k = 1.828x10° (P1-10) . 23)

The correlation of determination (r2) is 0.90, which is a
good correlation. With the limited data available, it can-
not be ascertained if the exponent 1.10 is significantly dif-
ferent from 1 if the factor 1.828x 105 were reduced
accordingly. Equation 23 does not include the medium
factor as defined in equation 21. Medium factors for
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Figure 13. Relation between porosity factor and intrinsic
permeability.

many different samples have been plotted; no single line
fits the data. Variations should be expected because the
basic implied assumption that the flow of electricity in
an aquifer is in all ways analogous to the flow of water
is not completely true. Permeability is a function of
porosity, surface area, and tortuosity. Electrical conduc-
tivity is a function of rock conductivity, ion mobility,
temperature, pressure, surface area, charge on the sur-
face area, and the conductivity of the double layer sur-
rounding the grains. The straight line shown in figure 13
might be assumed to define an approximate relation ap-
plicable to coarse-grained clastics (such as sandstone and
siltstone, most porous carbonates, and uniformly frac-
tured rocks) because surface conductance along the pore
walls is not dominant. The relations in equation 23 are
shown in figure 14, which relates porosity to permeabili-
ty for various cementation factors. The Humble sand-
stone reference samples reported by Winsauer and others
(1952) whose permeability exceeds 1,000 mD (not shown
on figure 13) correlate well with estimates using equation
23. Equation 23 was tested against data collated by Brace
(1977) as listed in table 3. The correlation between
calculated and measured permeabilities is good except if
the hydraulic radius, in micrometers, was less than 1.
Again, this comparison shows the importance of in-
cluding a geometric factor, such as S, Sy, or SF, to
better estimate intrinsic permeability of a medium with
large surface areas.

To better test the applicability of equation 23 for
other regions and for other lithologies of rock sections
listed in table 2, typical porosities and cementation factors
(table 4) were input into equation 23 to calculate
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permeabilites of other lithologies. The comparison be-
tween typical permeabilities and calculated permeabilities

Table 3. Permeability from formation factor and pore shape
[¢m, micrometer]

is good. Considering that the range of typical perme-
abilities in nature is about 12 orders of magnitude (from
104 to 108 mD as listed in table 5), the accuracy and
usefulness of equation 23 are rather surprising because
it allows use of data from borehole-geophysical logs to
estimate intrinsic permeability with an accuracy of less
than one-half an order of magnitude (fig. 3). The equa-
tion, based on available data, successfully estimates
across a range of about 1073 to 103.

Cross-Plot Method

Equation 23 implies that intrinsic permeability can
be estimated if the cementation factor and porosity are
known. The value of m can be found from a resistivity-
to-porosity cross plot, such as that shown in figure 9. The
inverse of the slope of the cross plot is the cementation
factor, m. The value of m can be scaled directly from
the resistivity-to-porosity cross plot as follows. The slope
of the cross plot (m) is

m = (horizontal distance)/(vertical distance).

The cross-plot method of estimating intrinsic
permeability is as follows:

1-7. The first seven steps are the same as used in
determining resistivity of water (Rw) using a resistivity-
to-porosity cross plot.

8. Determine m from cross plot.

9. Calculate the thickness-weighted mean porosi-
ty of the section being tested.

10. Calculate k using equation 23.

The cross-plot method assumes that lithology is
constant except for variations in porosity. The method
also assumes that Rw in the section is constant.

Hydraulic Intrinsic permeability (k)l,
Formation Cementation radius in millidarcies
Porosity factor factor (HR),

Rock (n) (F) (m) in ym Calculated Observed Reference
Western granite:

50 megapascals——- 0.01 3,100 1.746 0.1 1.1x1073 6.3x10-7 Brace and others (1968).

0.4 gigapascals-~ .0l 16,300 2.106 .1 1.7x107% 4x1076 Do.
Sherman Granite---- .03 880 1.933 6 «05 0.10 Do.
Berea Sandston .22 11.7 1.624 7 750 890 Wyllie and Rose (1950).
Pyrex le=-=a——- 37 4.4 1.490 .38 11,000 8.1 Do.
Pyrex 2--- 29 6.2 1.474 12 3,400 3,900 Do.
Alundum=-=-~: .24 11.5 1.711 2.2 990 63 Do.
Nichols Buff=-==--- .20 12.5 1.569 4.2 538 230 Do.

sandstone.
Eocene sandstone--- .22 13 1.694 4.4 670 340 Wyllie and Spangler (1952).
Pennsylvanian-—===- .16 20 1.635 4.1 180 120 Do.

sandstone 1.
Pennsylvanian-==---- ,21 13 1.644 5.5 590 520 Do.

sandstone 2.

ICalculated k=1.828 x 105("!%), where P = (n™*2)/(1-n)2.
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Table 4. Typical cementation factors, porosities, and permeabilities and calculated permeabilities for

various lithologies
[mD, millidarcies)

Commonly observed

Average Kk, in mD

Intrinsic
Cementation permeability Calculated Commonly Calculated
factor Porosity of (k), range ?f K, observed
Lithology (m) (n) in mD in mD
Sand, fine to medium-=-—=—m 21.3-1.4 415-30 41,000-3,500 220-5,100 2,300 2,600
Sandstone, slightly
P, R —— 21.4-1.5 10-30 610-5,000 304,400 62,500 2,200
Sandstone, well
cemented=——mmm—mm=mmae  31,5-2.0 513-18 51-200 30-380 100 200
Limestone, crystalline-—--- 21,5-1.8 5g-18 1-300 6-380 150 190
Limestone, dolomitic-— 21.8-2.0 5g8-18 51-300 3-220 150 110
Dolostone, sucrosic—-- 22.0-2.2 57-25 52-470 1-770 240 390
Dolostone, crystalline—- 23.2-2.4 5g-18 51-300 1-100 150 50
Rocks, dense, fractured- 61 1-1.8 2-20 70.001-1,000 0,015-870 500 440
ICalculated using typical m, typical n, and k=1,828 X 10° P*-10, where Pn(™+2/(1-n)2.
2K wader (1985).
3Coates and Dumanoir (1973).
4Jorgensen (1980).
5Core Laboratories Inc. (1983).
SThis study.
"Brace (1980).
Table 5. Typical range of permeabilities of various consolidated and unconsolidated rocks
INTRINSIC PERMEABILITY (k)
Square meter ————  1¢°19 10716 10-12 10°° 107
| | | | I
Square foot —— — — 10718 10718 10711 1(|)'8 10
| | | I
Millidarcy — ———— 1% 10% 102 107! 10 102 10 1w0* 10® 1® 10 10®
I I | | | [ | I | | |
Very fine sand; silt;mixtures of | , Y . "Clean” well-
Unconsolidated rocks Unw:laat;ered sand, silt and clay; glacial till; Cliean sand; mixtures sorted gravel
stratified clay ofclean sand and gravel| (o ppie
fShiIe deepftr thﬂp 250 | Sandstone; dolostone; lime- Extensively fractured 'ROCRS;:Ith
Consolidated rocks eet; evaporites; lime- | stone shallower than 15,000 | ... weathered lime- | 298 than
stone deeper than feet; shale shallower than pore-size
stone or dolostone
15,000 feet 250 feet openings
Permeability . . Very
Very slightly permeable lightl
characteristic v slightly p Slightly permeable Permeable permeable
I [ I | ] I [ | ] I [
Gallons per day persquare foot 100 104 10% 102 167 1 10 102 10® 10* 105 10®
| I I | | | | | J I | |
Foot per day — — — — — — 108 10° 10* 103 10?2 w!' 1 1w 102 10 1w 10°
| | I | | I | | I I | I
Footpersecond — — ——— 1077 1610 10® 10% 107 10® 0% 1w0? w0® 102 w0

HYDRAULIC CONDUCTIVITY (k), AT 1.005 CENTIPOISE
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The data may not always closely define the
resistivity-porosity curve. Resistivity and porosity logs with
expanded depth scales are easiest to use and generally yield
the most accurate data. If Rw is known from other sources
and is plotted at 100-percent porosity, the line and its slope
can be easily and accurately defined. Rw might be
available from chemical analyses of a water sample. The
value of m can -sometimes be estimated if the type of
porosity and lithology are known (Asquith, 1985).

Porosity values from other types of porosity logs,
such as density, neutron, sonic, and dielectric, can also
be used in the cross plot. Logs not in porosity units also
can be used in cross plots to determine m (Aquilera, 1976,
p. 767; Pickett, 1973). For example, a sonic log, which
records transit time, can be used. A plot on log-log paper
of the difference between the transit time from the log
minus transit time of the matrix versus rock-water
resistivity (Ro) will define a straight line with the slope
of -m. Density logs recording bulk density can be used
similarly as a plot on log-log paper of grain density minus
bulk density versus Ro will define a straight line with a
slope of -m. Porosity values from an epithermal-neutron
log versus Ro when plotted on log-log paper also will
define a straight line with the slope of -m. Values, in
either counts per second or API units, from thermal
neutron logs can be plotted on a linear scale versus values
of Ro on a log scale. The slope of the line defined will
be -m/D, where D is a function of borehole size and scale
function. Thus, ideally, even uncalibrated logs can be
used to determine m.

The resistivity-to-porosity cross-plot method gives
average values within the logged section because the log-
ging tools have a ‘‘radius of investigation’’ and the values
measured are a volumetric average for the material within
their radius of investigation. The radius of investigation
for a “‘resistivity-logging tool’’ might be 10 ft or more.
A dielectric logging tool measures to about 2 in. depth
beyond the borehole wall. The radius of investigation for
a ‘‘radioactive-logging tool’’ might be 6 in. to 1 ft.
Recorders for radioactive tools commonly average emis-
sions over a time period, which results in additional
averaging. Also, the cross-plot method requires several
sets of readings at different depths to define the empirical
linear relationship; thus ‘‘averaging,”’ which is needed
to determine effective intrinsic permeability of the entire
thickness of a formation, is inherent in the procedure.

The accuracy of the procedure can be checked and
improved if the procedure can be calibrated to local
aquifer conditions. For example, the results can be
checked against permeability values from an aquifer test
or a drill-stem test.

SUMMARY

Geophysical logs can be used in geohydrologic
studies to estimate porosity, water resistivity, and intrinsic

permeability, especially in areas where few hydrologic
data are available.

Dual density and neutron porosity logs can be used
in conjunction with gamma-ray logs to determine in-situ
porosity and to qualitatively identify lithology. Either a
spontaneous-potential log or a resistivity log can be used
to define relative water resistivity in a rock section.

The spontaneous-potential and cross-plot methods
of estimating water resisitivity were tested. The
spontaneous-potential method uses spontaneous-potential
log measurements and mud-filtrate resistivity to estimate
water resistivity. The cross-plot method uses the relation
between porosity and the observed resistivity of the
saturated rock to estimate water resistivity in the rock.
Estimates of water resistivity were compared with meas-
ured values. A coefficient of determination of 0.66 for
the spontaneous-potential method and 0.88 for the cross-
plot method were determined. Plots of the estimated
values relative to the measured values show variations of
about 1 order of magnitude. The methods are not ac-
curate estimators, but can be used with caution to
estimate water resistivity if no measurements are
available.

The relations among resistivity measured on a
geophysical log, formation-water resistivity, rock-matrix
resistivity, and degree of cementation have been in-
vestigated by many, such as Archie (1942) and Winsauer
and others (1952). Several empirical relations have been
proposed and are described in the literature. Raiga-
Clemenceau (1977) investigated the relations among
cementation factor, permeability, and formation factor
and questioned the validity of many of the empirical for-
mation factors that have been proposed since Archie’s
original work. Raiga-Clemenceau empirically defined the
cementation factor as a function of permeability.

By merging the well-known Archie equation with
the Kozeny equation, an equation for the intrinsic
permeability is derived as shown:

c nm+2

S22 (1-n)?

@n

.

The equation implies that permeability is a function of
the medium, represented by the first set of terms, and
a porosity factor (P represented by the last set of terms.
Porosity values can be determined from logs, such as
neutron, density, sonic, and dielectric. A cross plot of
observed resistivity to porosity defines the cementation
factor. However, the Kozeney coefficient and surface area
are not easily determined from borehole-geophysical
logs.

The following linear regression equation, estab-
lished on the basis of 10 carefully selected data sets,
describes the relationship between the porosity factor and
intrinsic permeability plot.
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k = 1.828x105 (P1-10), (23)

The regression equation has a coefficient of determina-
tion of 0.90 and applies to rocks in which surface con-
ductance along grains is not dominant, such as fractured
rock, coarse-grained clastics, and most carbonates. Com-
monly observed porosities and cementation factors for
different lithologies were used in the equation to calculate
permeabilities. The calculated permeabilities compared
well with typical permeabilities for the different litholo-
gies, indicating the general usefulness of the equation.
However, additional data, which include in-situ perme-
ability measurements, are needed to better evaluate the
relations.
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APPENDIX A

Estimating Dissolved-Solids Concentration

Dissolved-solids concentration can be estimated
from either resisitivity or specific conductance measure-
ments. Specific conductance is a measure of the conduct-
ance of electrical current through a fluid and is usually
expressed in microsiemens or micromhos. A specific-
conductance measurement is referenced to a specified
temperature, usually 25°C (77 °F).

Specific conductance (SC), which is the resistivity
reciprocal at 77 °F, can be calculated from the equation:

1x104
Rw,,

SC =

(AD)

-

where Rw,; is the water resistivity at 77°F, in ohm-
meters.
Resistivity of water at any temperature, T,, in
degrees Fahrenheit, can be converted to Rw,; by:
Rwyy = Rw, (T, +7)/84 (A2)
The relation between dissolved-solids concentra-
tion, in parts per million, and specific conductance, in
microsiemens is
DS = (P) (SO) (A3)
where P is a factor to be determined for each water, but
which typically is about 0.67 for many ground waters if
specific conductance is in microsiemens.
Dissolved-solids concentration can also be esti-
mated from the sodium-chloride concentration. The em-
pirical relation between sodium-chloride concentration
(Cnacy) and dissolved-solids concentration (DS) is:
DS = (A) (Cnac) > (A4)
where DS and Cy,c; are both in the same units. The
coefficient A should be determined for each water type;

however, the value of 4 generally used is about 1.04 for
many natural waters.

APPENDIX B

Estimating Sodium-Chloride Concentration

Many useful interpretations of geophysical-log data
are based on relations for sodium-chloride solutions.
Relations among water resistivity, temperature, and
dissolved-solids concentration are shown on figure B1.

Most of the curves on figure B1 can be approximated by
the equation:

CNaCl.ppm = (2500/Rwq5)1-125 (Bl)
where Cnycpppm IS sodium-chloride concentration, in
parts per million, and Rw,s is the resistivity, in ohm-
meters, of the solution at 75 °F. 75 °F is the usual reference
temperature in geophysical logging.

Values of resistivity, in ohm-meters, at any
temperature, T,, in degrees Fahrenheit, can be converted
to resistivity at 75°F by the equation:

Rwys = (Rw,) (T, .+7)/(82) (B2)

Sodium-chloride concentration, in milligrams per
liter, can be converted to concentration in parts per
million:

CNaCl,ppm = (CNaCl,mg/L)/ (G) ’ (B3)
where G is specific gravity and is the solution density
divided by pure-water density.

Concentration of a sodium-chloride solution in
mil}igrams per liter _(CN,‘}CLmg /L) can be converted to
estimated concentrations in part per million (CNaCl’ppm)
by the following equation (Robert Leonard, U.S.
Geological Survey, written commun., 1984):

CNaCl,ppm =(1-6.7X 10_7) CNaCl,mg/L (B4)

Investigators, such as Turcan (1966) and Desai and
Moore (1969), list multipliers that allow resistivity of
equivalent sodium-chloride solutions to be estimated for
solutions that contain ions other than Na and Cl.

APPENDIX C

Estimating Density

Density is a function of temperature, pressure, and
salinity (fig. 12). Miller (1977) reported a relation derived
by J.W. Mercer (U.S. Geological Survey, written com-
mun., 1975) to estimate density (d) of freshwater, in
kg/m3 (kilograms per cubic meter) as a function of
temperature and pressure:

dr, = 2.0743x103 + 5.56172X 10-p
—4.26895x10-5(1/T,)
~2.35494x 1073 T2

+4.95912X 107(1/T,2) ; (C1)

where p is pressure, in Pa (pascals); and T, is absolute
temperature.
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SODIUM-CHLORIDE CONCENTRATION (CNacl) IN PARTS PER MILLION (PPM)
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RESISTIVITY OF SOLUTION, IN OHM-METERS

Figure B1. Resistivity of water as a function of salinity and temperature {(modified from Schlumberger, 1972). Arrows show

how to solve the example problem.

T, can be calculated by

T,=T,+273.15 (C2)
Equation C1 is based on a least-squares regression
of data by Meyer and others (1968) for a range of 0° to
350°C and 1.0X10° to 1.75x107 P,.
Curves shown by Schlumberger Limited (1972, fig.
8-5, p. 47) indicate that density (d) is affected by the
sodium-chloride concentration:

Ad = 7.3X104 Crocippm > (C3)

where Ad is change of density in grams per cubic cen-
timeter and CNaCl,ppm is sodium-chloride concentration
in parts per million. Thus, an estimate of density as a
function of pressure, temperature, and salinity might be
made by the use of both equations C1 and C3:

ddr, + Ad (C4)

where d and Ad are in the same units.

In borehole geophysical logging applications, many
useful interpretations are based on the properties of
sodium-chloride solutions. Phillips and others (1981)
derived a regression equation of aqueous sodium-chloride
solutions:

d=A+ Bx + Cx? + Dx? (C5)

and
x = Cje@ mod + C,e@T) + Cyela3p);

where d is density, in grams per cubic centimeter;
T, is temperature, in degrees Celsius;
p is pressure, in mega pascals (MPa);
mol is molal concentration of NaCl;
C; = -9.9595; C, = 7.0845; C; = 3.9093;
al = 0.004539 (@1 = -0.00500 for vapor saturated
values);
a2 = -0.0001638; a3 =0.00002551; A = -3.033405;
B = 10.128163; C = -8.7507567; D = 2.663107;

and
e = the exponential constant.
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Phillips and others (1981) reported that the experimen-
tal data were reproduced to a maximum deviation of + 2
percent over the entire range of concentration, for
temperatures of 0°-350°C, and for pressure as high as
50 MPa.

An empirical relation derived by Robert Leonard
(U.S. Geological Survey, written commun., 1984) to esti-
mate specific gravity, which is solution density divided
by density of pure water, is

G = 1/(1 - 6.7X107Cpacy ppm) > (C6)

where G is specific gravity and CNaC]’ppm is sodium-
chloride concentration in parts per million.

APPENDIX D

Estimating Viscosity

An equation to estimate dynamic viscosity of water,
(), was derived by Emanuel Weiss (1982, p. 4). The equa-
tion approximates the curves of Matthews and Russell
(1967) shown in figure 11. The approximate equation is:

pe [(38.3/Tf0~5) - (14.6/T0-%) + 1.48]
[1 + (Cys,mg/1/300)] . (D)

Where p is dynamic viscosity, in centipoise;
Tf is temperature, in degrees Fahrenheit; and
Cds,mg/1. is dissolved-solids concentration, in
milligrams per liter.
Weiss (1982) reported that the largest error is at 55°F,
at which temperature the value of the calculated u from
equation D1 is inaccurate by nearly 10 percent.

Miller (1977) reported on the work of Meyer and
others (1968) to estimate viscosity. If viscosity is a func-
tion of temperature alone, viscosity, in pascal-seconds,
can be estimated by:

p 2 (107) (241.4x10%) . (D2)
The exponent x is:
x = (247.8)/(T, + 133.15)

where T is temperature in degrees Celsius. The equation
is reported valid for liquid water along the saturation line
from 0-300 degrees Celsius.

Phillips and others (1981) reported a correlation for
sodium-chloride solutions using more than 1,500 selected
experimental values. The model was originally developed
for colloidal suspensions and solutions of nonelectrolytes;
however, the equation has been used extensively for elec-
trolytes, such as NaCl, after suitable modification:

u/u, =1 + amol + b mol?> + ¢ mol3

+ d T1 - e mol (D3)
where p is viscosity of sodium-chloride solution, in
centipoise;
R, is viscosity of water, in centipoise;
a = 0.0816; b = 0.0122;
¢=0.000128; d = 0.000629;
i = -0.7; T, is temperature, in degrees Celsius;
mol = molal concentration, in gram-moles NaCl
per kilogram of water;
and e is the exponential constant.

Phillips and others (1981) reported that the equa-
tion reproduces data to an average of better than +2 per-
cent over the range 10 to 350°C, 0.1 to 50 MPa, and 0-5
mol.
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